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ABSTRACT

The M5.8 23 August 2011 Mineral, Virginia, earthquake was felt over nearly the 
entire eastern United States and was recorded by a wide array of seismic broadband 
instruments. The earthquake occurred ~200 km southeast of the boundary between 
two distinct geologic belts, the Piedmont and Blue Ridge terranes to the southeast and 
the Valley and Ridge Province to the northwest. At a dominant period of 3 s, coherent 
postcritical P-wave (i.e., direct longitudinal waves trapped in the crustal waveguide) 
arrivals persist to a much greater distance for propagation paths toward the north-
west quadrant than toward other directions; this is probably related to the relatively 
high crustal thickness beneath and west of the Appalachian Mountains. The seismic 
surface-wave arrivals comprise two distinct classes: those with weakly dispersed 
Rayleigh waves and those with strongly dispersed Rayleigh waves. We attribute the 
character of Rayleigh wave arrivals in the fi rst class to wave propagation through 
a predominantly crystalline crust (Blue Ridge Mountains and Piedmont terranes) 
with a relatively thin veneer of sedimentary rock, whereas the temporal extent of 
the Rayleigh wave arrivals in the second class are well explained as the effect of the 
thick sedimentary cover of the Valley and Ridge Province and adjacent Appalachian 
Plateau province to its northwest. Broadband surface-wave ground velocity is ampli-
fi ed along both north-northwest and northeast azimuths from the Mineral, Virginia, 
source. The former may arise from lateral focusing effects arising from locally thick 
sedimentary cover in the Appalachian Basin, and the latter may result from directiv-
ity effects due to a northeast rupture propagation along the fi nite fault plane.
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INTRODUCTION

The M5.8 23 August 2011 Mineral (Virginia, USA) earthquake 
is the largest event to have struck Virginia since 1897. The seismic 
waves generated by the event were felt as far away as New York and 
Montreal and were recorded by regional broadband instruments 

(Fig. 1). Observations of broadband seismic waveforms as much as 
900 km from the epicenter complement observations of felt intensi-
ties (Hough, 2012) and provide a unique opportunity to characterize 
the regional seismic-wave propagation, test current models of the 
seismic structure, and better understand the factors that lead to vari-
able seismic-wave amplitude and duration.
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The earthquake involved high-angle reverse slip on an 
~10-km long, 45° east-southeast–dipping fault between 2.5 and 
8 km depth. It occurred in the eastern Piedmont thrust sheet 
within a belt of Triassic basins. Thrust faulting in such a pas-
sive continental margin is often thought to represent reactiva-
tion of ancient structures associated with continental collision 
or rifting (e.g., Cloetingh et al., 2008; Bailey and Owens, 2012). 
Delineation of the fault plane through precise aftershock loca-
tions suggests that the causative fault dips more steeply than 
known thrust structures and therefore did not reactivate a Paleo-
zoic thrust (Ellsworth et al., 2011). Rather, the rupture may 
have occurred at the contact between the Paleozoic Goochland 
(Glover et al., 1982; Farrar, 1984; Farrar and Owens, 2001) 
and Chopawamsic terranes (Pavlides, 1981; Coler et al., 2000), 

which are divided by the Spotsylvania zone, a steeply dipping 
high-strain zone (Neuschel, 1970).

The seismic structure in the epicentral area is defi ned by the 
igneous and metasedimentary rocks that make up the Piedmont 
and Blue Ridge terranes (Fig. 1), which are characterized by a 
modest sedimentary cover of <~1 km. Further west, this struc-
ture transitions to that defi ned by the Paleozoic depositional ter-
ranes typical of the Valley and Ridge and Appalachian Plateau 
provinces (Fig. 1) (Rodgers, 1970), which have a much thicker 
sedimentary cover (Muehlberger et al., 1967). The character of 
the regional seismic-wave propagation is expected to be affected 
by passage through these contrasting terranes.

The purpose of this study is to present observations of the 
regional seismic wavefi eld generated by the Virginia earthquake 
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Figure 1. Seismic stations (triangles) 
with three-component seismograms 
analyzed in this study. The beachball 
symbol indicates the epicenter and fo-
cal mechanism of the 2011 Virginia 
earthquake taken from the USGS/SLU 
(U.S. Geological Survey/Saint Louis 
University) Regional Moment Solution. 
The regional physiographic provinces 
are superimposed.
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and to characterize aspects of eastern U.S. crustal structure. This 
is done through modeling the regional seismic-wave propaga-
tion through one-dimensional (1D; radially varying) structures 
appropriate for the Piedmont–Blue Ridge and Valley and Ridge– 
Appalachian Plateau provinces. Modeling of the regional seis-
mograms with synthetic seismograms on a spherically symmet-
ric Earth structure shows that the observed seismic wavefi eld 
generated by the Mineral earthquake in the eastern United States 
is determined primarily by wave propagation through a crustal 
waveguide, with the thickness of shallow sedimentary rocks 
playing a chief role in determining the amplitude and dispersion 
of the surface waves.

DATA SET

We assembled three-component seismic records from 61 
stations belonging to various regional networks within 900 km of 
the M5.8 23 August 2011 main shock (Fig. 1). Three-component 
seismic records for several of these stations are presented (as red 
traces) in Figures 2 and 3. Record sections for the vertical com-
ponent are presented in Figures 4 and 5. These alternative record 
sections use different gain factors to focus on different parts of 
the seismograms: a gain factor of Δ1/2 (where Δ is angular propa-
gation distance) is used in Figure 4 to correct for expected geo-
metrical spreading of the surface waves, and a gain factor of Δ2 is 
used in Figure 5 to correct for the expected distance dependence 
of head waves (Aki and Richards, 1980).

In this study the seismograms are low-pass fi ltered at a cor-
ner period of 3 s in order to focus on the regional seismic-wave 
propagation. This permits the identifi cation of regional phases, as 
the longer period wave propagation is not complicated by strong 
scattering or site effects. At the same time, the periods consid-
ered are short enough to be sensitive to strong ground motion and 
dynamic rupture effects such as directivity.

The observed waveforms exhibit typical regional seismic 
phases, e.g., Pn, P, Sn, S, Rayleigh waves, and Love waves. Beyond 
a critical distance of Δ ~230 km, direct P and S separate from the 
head waves Pn and Sn, respectively. The head waves are coherent 
out to ∼900 km for all source-receiver azimuths. Direct P is clearly 
visible out to more than 500 km offset for propagation paths to 
the northwest quadrant (Fig. 5A), but is indiscernible at other azi-
muths (Fig. 5B), suggesting possible disruption of the lower crustal 
waveguide. Direct S, however, is observed with high amplitude at 
all distances and azimuths. The observed Pn and Sn moveouts, at 
all azimuths, are ~8.2 and 4.7 km/s, respectively, which provides 
estimates of the average uppermost mantle seismic velocities.

A noteworthy property of the regional seismograms is the 
presence of relatively high amplitude and dispersed wavetrains 
following direct S for source-receiver azimuths ϕ (measured 
positive clockwise from due north) ranging from due west to 
north-northeast (−90° ≤ ϕ < 30° in Fig. 4A), replotted for all 
three components for selected stations (e.g., BINY, WVNY, and 
ASCO) in Figure 3. These are highly dispersed surface waves 
that generally arrive with group velocity slower than 3.0 km/s. 

The surface waves are much less dispersed at other source-
receiver azimuths (30° ≤ ϕ < 270° in Fig. 4B), replotted for all 
three components for selected stations (e.g., PANJ, CNNC, and 
GOGA in Fig. 2), and they generally arrive with group velocity 
faster than 3.0 km/s. The presence or absence of highly dispersed 
surface waves is diagnostic of the different crustal structures 
traversed by the propagating seismic waves. The observation of 
relatively high amplitude and dispersed surface wavetrains, when 
they exist, on the radial and vertical components, rather than the 
transverse component, suggests that the regional crustal structure 
affects primarily the Rayleigh waves, rather than the Love waves. 
This interpretation is supported by modeling of synthetic seismo-
grams discussed in the following.

As noted by Hough (2012), the U.S. Geological Survey 
(USGS) community shakemap (http://earthquake.usgs.gov/
earthquakes/shakemap/global/shake/082311a/) for the Mineral 
event (Fig. 6) indicates maximum felt intensities to the north-
east of the rupture. These intensities are qualitatively comparable 
with maximum instrumentally recorded ground velocity. The 
maximum vertical-component velocities at regional broadband 
stations at 3 s period are shown in Figure 7. The pattern in Figure 
7A is consistent with the tendency in the community shakemap 
for felt intensities to be largest to the northeast. The pattern cor-
rected for geometrical spreading of the surface waves in Figure 
7B, however, suggests that recorded seismic-wave energy is larg-
est in two directions, to the north-northwest and northeast. The 
amplifi cation at north-northwest azimuths is also seen in indi-
vidual recordings (e.g., O56A in Fig. 3).

METHODS

In order to better understand the observations of regional 
seismic-wave propagation, we explore models of wave propa-
gation through appropriate spherically symmetric models of the 
seismic structure. Synthetic seismograms are generated using 
the direct Green’s function (DGF) method of Friederich and 
Dalkolmo (1995). This method synthesizes the seismic wavefi eld 
for a spherically layered structure of seismic velocities Vp (com-
pressional wave) and Vs (shear wave), density ρ, and attenuation 
factors Qκ and Qβ in the l − ω domain, where l denotes spheri-
cal harmonic degree and ω angular frequency. It is the spherical 
equivalent of the frequency-wave number method employed for 
fl at-layered structures (e.g., Zhu and Rivera, 2002). It was coded 
by one of us (Pollitz, personal data) and validated against analytic 
solutions, including those for elastic-wave propagation in a full 
space for both isotropic and shear sources (equation 4.29 of Aki 
and Richards, 1980) and in a half-space, e.g., Lamb’s problem 
(Kuhn, 1985), as well as the independent numerical solutions 
AXITRA (Bouchon, 1981) and f-k (frequency–wave number) 
method (Zhu and Rivera, 2002).

In order to synthesize seismic-wave propagation through 
laterally varying models, we use the spectral element method 
(SEM) (e.g., Komatitsch and Vilotte, 1998; Komatitsch and 
Tromp, 1999, 2002). We simulate 2.5D wave propagation (3D 
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Figure 2 (Continued on facing page). 
Red lines show three-component seis-
mograms at selected stations (locations 
in Fig. 1), all corresponding to paths 
with 30° ≤ ϕ < 270°, where ϕ is the 
source-receiver azimuth measured posi-
tive clockwise from due north, i.e., wave 
propagation through predominantly the 
Valley and Ridge and Appalachian Pla-
teau provinces. Black lines show cor-
responding synthetic seismograms in 
model 1 (see Fig. 8A). Both observed 
and synthetic seismograms have been 
low-pass fi ltered at a corner period of 
3 s. The epicentral distance and azimuth 
to each station are indicated.
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Figure 2 (Continued).
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Figure 3 (Continued on facing page). 
Red lines show three-component seis-
mograms at selected stations (locations 
shown in Fig. 1), all corresponding to 
paths with −90° ≤ ϕ < 30°, where ϕ is 
the source-receiver azimuth measured 
positive clockwise from due north, i.e., 
wave propagation through predominant-
ly the Piedmont, Blue Ridge, and coast-
al plain provinces. Black lines show 
corresponding synthetic seismograms 
in model 2 (see Fig. 8B). Both observed 
and synthetic seismograms have been 
low-pass fi ltered at a corner period of 
3 s. The epicentral distance and azimuth 
to each station are indicated.
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Figure 3 (Continued). 
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wave propagation through a 2D model) by adapting the SEM 
formulation of Sinclair et al. (2007) to a spherical geometry. 
We assume that the seismic structure is azimuthally symmet-
ric about a prescribed Euler pole. The seismic source may be 
placed anywhere within the model domain; the model domain 
does not include the pole of symmetry, which distinguishes the 
application here from that of Nissen-Meyer et al. (2007). Wave-
fi elds are simulated in the frequency domain using a spatial 
and temporal Fourier decomposition of the seismic wavefi eld. 
A double spatial and temporal inverse Fourier transform then 
yields time domain results.

REGIONAL WAVE PROPAGATION

Laterally Homogeneous Sedimentary Cover Thickness

The DGF method is applied to the Virginia earthquake source 
in two spherically layered structures given in Figure 8 and Table 
1. The fi rst structure (model 1; Fig. 8A) is a typical eastern U.S. 
crustal structure and is based on Taylor (1989); it has a 1-km-
thick sedimentary cover. The second structure (model 2; Fig. 8B) 
is modifi ed from the fi rst to have a 3-km-thick sedimentary cover, 
based on basin sedimentary rock thicknesses (Muehlberger et al., 

1967). Both models have a Moho thickness of 40 km, which is 
consistent with other regional crustal studies (Li et al., 2003; Vie-
gas et al., 2010). We fi nd that these two end-member models are 
suffi cient to replicate the main features of the observed seismic 
waveforms for most of the seismograms we have analyzed. The 
objective of exploring these models is to qualitatively match the 
arrival times of body-wave phases and the amplitude and dura-
tion of the surface waves. We do not attempt quantitative wave-
form comparisons.

We fi xed the epicenter of the event based on the USGS/SLU 
(Saint Louis University) Regional Moment Solution (37.936°N, 
77.933°W; strike 26°, dip 55°, rake 108°, seismic moment = 
4.6 × 1017 N m), which is close to the epicenter and focal mecha-
nism determinations of Chapman (2013). We variably explored 
source depths ranging from 5 to 12 km, which spans the range of 
source depths reported by various agencies. Through visual com-
parison of observed and synthetic seismograms we determined 
that a depth of 6 km yields the best agreement between these sets 
of waveforms.

To illustrate the regional wave propagation we calculated 
record sections of three-component displacement on a fi ctitious 
array of surface seismometers extending 1000 km from the epi-
center. Record sections in model 1 are shown in Figures 9 and 
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Figure 4. Record section of vertical-component seismograms, low-pass fi ltered at a corner period of 3 s. A gain factor proportional to Δ1/2 has 
been applied in order to correct for the geometrical spreading expected for the surface waves. Seismograms are edited according to source-
receiver azimuths, where ϕ is the source-receiver azimuth measured positive clockwise from due north. Gray lines delineate arrival times of noted 
phases. Pn, Sn—longitudinal and transverse waves (head waves); P—direct longitudinal wave; SV—transverse wave with motion in a vertical 
plane parallel to the propagation direction. (A) −90° ≤ ϕ < 30°. (B) 30° ≤ ϕ < 270°.
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10A using different gain factors. Corresponding record sections 
for model 2 are shown in Figures 11 and 10B. The main wave 
types generated in the synthetics are P, SV (transverse wave with 
motion in a vertical plane parallel to the propagation direction), 
and Rayleigh waves. Though SH (transverse wave with horizon-
tal motion perpendicular to the propagation direction) and Love 
waves are generated at other source-receiver azimuths, the con-
fi guration used here, given the focal mechanism, generates rela-
tively little energy on the transverse component. For both models, 
direct P is of highest amplitude at subcritical distance (<~230 km) 
but persists out to ∼500 km, mimicking the observed range of 
direct P at least for propagation paths to the northwest quadrant 
(Fig. 5A). However, the head waves Pn and Sn are discernible 
out to 1000 km distance, mimicking the large range of observed 

head waves (Fig. 5). The moveout velocity of synthetic Pn and 
Sn are 8.18 and 4.72 km/s, respectively, in agreement with the 
moveout velocity of the observed phases (Fig. 5). This and the 
agreement of synthetic and observed arrival times of these waves 
(as a function of distance from the source) indicate that both the 
Moho depth and uppermost mantle velocity are well represented 
by the reference velocity structure.

In model 1 the Rayleigh and Love waves are relatively little 
dispersed, and there is little separation of the SH and Love wave 
arrivals on the transverse component. Surface waves are more 
highly dispersed in model 2 (Figs. 11 and 10B). Comparing 
Figures 9 and 11, this greater dispersion is most apparent for the 
Rayleigh waves, but it also disperses the Love waves enough 
to produce noticeable separation between SH and Love waves. 

0 100 200

SVP

Pn Sn

Time (sec)

100

200

300

400

500

600

700

800

900

D
is

ta
nc

e 
(k

m
)

0 100 200

SVPn P Sn

Time (sec)

8.
2 

km
/s

4.
7 

km
/s

8.
2 

km
/s

4.
7 

km
/s

  −90° ≤ φ < 30°   30° ≤ φ < 270°A B

Figure 5. Record section of vertical-component seismograms, replotted from Figure 4 for propagation velocity >3.4 km/s (to remove surface-
wave arrivals). A gain factor proportional to Δ2 has been applied in order to correct for the distance dependence of amplitude expected for the 
head waves Pn and Sn (longitudinal and transverse waves). P—direct longitudinal wave; SV—transverse wave with motion in a vertical plane 
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This highlights the effect of the higher sedimentary rock thick-
ness in model 2.

Comparing observed seismograms with synthetic seismo-
grams generated on the two velocity structures (Fig. 8), we fi nd 
that observed waveforms at stations that do not exhibit the highly 
dispersed waves are well described to fi rst order by synthetic 
seismograms in model 1 (Fig. 2), whereas observed waveforms 
that exhibit the relatively large amplitude wavetrains are well 
described by synthetic seismograms in model 2 (Fig. 3). The 

observed amplitudes of observed Rayleigh waves are matched 
by the synthetics at most, but not all, stations in Figure 2 and 
3. Model 1 overestimates the observed Rayleigh wave ampli-
tude at several stations that involve propagation paths that par-
tially sample the Valley and Ridge Province (e.g., BLA, TZTN, 
GOGA); these propagation paths are better described as interme-
diate between model 1 and model 2. The very different durations 
of the surface wavetrains are generally well captured by the two 
elastic-structure models.
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Figure 6. Community intensity map aggregated by U.S. Postal Service ZIP code for the 2011 Mineral, Virginia, earthquake from http://
earthquake.usgs.gov/earthquakes/dyfi /events/se/082311a/us/index.html.
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Laterally Heterogeneous Sedimentary Cover Thickness

We investigate 3D synthetic wave propagation through a 
simple 2D model of seismic structure. The eastern United States 
is idealized as consisting of model 2 structure within a band of 
width 3.12 geocentric degrees (347 km), indicated in gray in Fig-
ure 12, fl anked by model 1 structure (with original Moho depth 
of 40 km) to its west and model 1 structure with modifi ed Moho 
depth of 34 km to its east. The model 2 band is meant to rep-
resent the greater thickness of sedimentary cover in the Valley 
and Ridge and Appalachian Plateau regions approximately with 
a 2D structure. The reduced crustal thickness east of this band 
is consistent with crustal structure determinations (e.g., fi g. 4 of 
Mooney and Kaban, 2010).

The symmetry axis of the structure depicted in Figure 12 is a 
Euler pole at 55°N, 132°W, and the model 2 domain is bounded 
by small circles centered on this pole (~36° away). The earth-
quake is implemented as a point source using the USGS/SLU 
solution used for the synthetics presented herein.

Figure 12 shows snapshots of the east component seismic 
velocity at selected times. It reveals that the seismic wavefi eld is 
profoundly modifi ed as it enters the model 2 region on northward 
to westward paths from the source, leading to higher dispersion 

in the Rayleigh wavetrain at a dominant period of 3 s. The waves 
that propagate to the northeast and southwest, i.e., that remain in 
the model 1 domain, do not undergo such alteration in the disper-
sion. This is seen alternatively in snapshots of horizontal veloc-
ity in a depth slice along a northwest-southeast profi le (Fig. 13), 
where the Rayleigh wave becomes highly dispersed as it enters 
the model 2 region.

The 2.5D synthetics are similar to the DGF synthetics for 
paths that traverse predominately areas prescribed by model 1 
structure, e.g., BLA, PANJ, or KMSC in Figure 14, which are 
close to the corresponding DFG synthetics in Figure 2. Differ-
ences arise from the different Moho depths east of the Valley and 
Ridge Province assigned in the two models: 34 km in the 2.5D 
synthetics versus 40 km in the DGF synthetics. For other paths, 
the 2.5D synthetics yield a hybrid character to those synthetics 
generated in models 1 and 2. Surface wavetrains for such paths 
are slightly less dispersed and of higher amplitude than the DGF 
synthetics in model 2 (Fig. 3). For O56A, WVNY, and TZTN, 
this hybrid character of the 2.5D synthetics produces a good 
qualitative agreement with observed seismograms (Fig. 14). The 
TZTN synthetics have the same highly dispersive character as, 
but much greater amplitude than, the observed seismograms, 
suggesting strong defocusing not accounted for by the employed 
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structure. The 2D structure model could be improved through 
further consideration of variable crustal velocities (e.g., Liang 
and Langston, 2009), crustal thickness, surface topography, and 
sedimentary cover thickness.

DISCUSSION

In the context of 1D models, the difference between model 
1 and model 2 is simply the thickness of the sedimentary cover, 
which is 1 km in model 1 and 3 km in model 2. Given the source 
depth of 6 km, Rayleigh waves of ~3 s period are expected to 
be well excited on either model, but they are highly dispersed 
in model 2. We propose a grouping of stations as having affi n-
ity with model 1 or model 2 based on the modeling with these 
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Figure 8. Layered structure of P and 
S velocities V

P
 and V

S
, density ρ, and 

P- and S-wave attenuation factors Q
P
 

and Q
S
 (dashed lines) as a function of 

depth. (A) Model 1. Thin sedimentary 
cover model, based on Taylor (1989). 
(B) Model 2. Thick sedimentary cover 
model, modifi ed from A to have a 3-km-
thick sediment layer.

TABLE 1. REFERENCE EASTERN U.S. ELASTIC 
STRUCTURE 

Depth 
(km) 

ρ
(kg/m3)

Vp
(km/s) 

Vs
(km/s) 

Qβ* Qκ*

0–1 2150 5.00 2.89 100 250 
1–3 2580† 6.15† 3.55† 250 625 
1–3 2290§ 5.11§ 2.95§ 100 250 
3–5 2580 6.15 3.55 250 625 
5–20 2580 6.15 3.55 250 625 
20–40 2790 6.70 3.87 500 1250 
40+ 3350 8.18 4.72 500 1250 

Note: Structure is density common to model 1 and model 2 
(see text Fig. 6) except where indicated. Vp—compressional 
wave velocity; Vs—shear wave velocity; ρ—density. 
   *Qβ, Qκ are attenuation factors. 

†Model 1. 
§Model 2. 
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 laterally homogeneous structures. This grouping is illustrated in 
Figure 15 and follows the grouping of record sections of observed 
seismograms in Figure 4.

The Piedmont and Blue Ridge provinces constitute the 
“crystalline Appalachians”; together with the central and north-
ern Appalachians they have modest (<~1 km) sedimentary cover. 
The Valley and Ridge Province and Appalachian Plateau consti-
tute the “sedimentary Appalachians,” which have a sedimentary 
cover thickness of 1.5−7.5 km (Muehlberger et al., 1967). Large 
sedimentary cover thickness persists to the north and northwest 
of the Appalachian Plateau (fi g. 4 of Mooney and Kaban, 2010), 
e.g., the Illinois Basin. The stations in the two groups identifi ed 
in Figure 15 are spatially clustered: one group exhibits strongly 
dispersive Rayleigh waves having crustal propagation paths that 
pass through the sedimentary Appalachians; the other group cor-
responds to propagation paths that pass through the crystalline 
Appalachians or the coastal plain.

At a 3 s period, the effect of sedimentary cover thickness 
on the length of the Rayleigh surface wavetrain is found to be 
considerable for a thickness of ~3 km, about one-third the wave-
length of the Rayleigh wave. A similar dependence of surface-
wave duration on the thickness of a low-velocity surface layer 
is seen in the basin response to incident Rayleigh waves (e.g., 
Kawase and Aki, 1989). The fact that Love waves are less sensi-
tive to sediment thickness, both observationally (the transverse-
component seismograms in Figs. 2 and 3) and in the synthetics 

(the transverse-component seismograms in Figs. 2, 3, 9, and 11), 
is attributable to the greater wavelength of Love waves and cor-
respondingly smaller ratio of sediment thickness to wavelength.

The proposed grouping, while providing an explanation for 
observed surface-wave duration, may only partially explain the 
tendency for observed maximum ground velocity to be largest 
along north-northwest and northeast azimuths from the source 
epicenter (Fig. 7). The 2.5D simulations of the seismic wavefi eld 
presented in Figure 12 indicate that these areas of large amplitude 
are anomalous, i.e., not explicable with purely 2D structural vari-
ations or expected variations in the surface-wave radiation pat-
tern with azimuth. For paths to the north-northwest, comparison 
of calculated record sections (Figs. 9 and 11) indicate that a mod-
est increase in sediment thickness to 3 km from a reference value 
of 1 km tends to increase dispersion while reducing group ampli-
tudes, and so does not produce the anomalously large amplitudes 
to the north-northwest. We suggest that the high-amplitude lobe 
toward western Pennsylvania may arise from locally large sedi-
ment thickness (locally exceeding 8 km) in the northern Valley 
and Ridge Province (Frezon et al., 1983). This would amplify 
Rayleigh wave group arrivals through lateral focusing. The 
northeast lobe may arise from source directivity. This is sup-
ported by the strong asymmetry in maximum velocity between 
areas to the northeast and southwest of the epicenter (Fig. 7B). It 
is also suggested by the modeling of felt intensities in fi gure 4 of 
Hough (2012). Chapman (2013, fi gs. 16 and 17 therein) inferred 
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locity >3.4 km/s (to remove surface-wave arrivals). A gain factor proportional to Δ2 has been applied in order to correct 
for the distance dependence of amplitude expected for the head waves Pn and Sn. (A) Model 1. (B) Model 2. Gray lines 
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 Regional seismic-wave propagation from the M5.8 Mineral, Virginia, earthquake 109

1000 km Profile
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Figure 11. Synthetic record sections of velocity calculated in model 2 along a fi ctitious array of surface stations extending 
1000 km from the Virginia earthquake epicenter (inset). (A) Radial component. (B) Transverse component. (C) Vertical 
component. Gray lines delineate arrival times of noted phases. Other abbreviations as in Figure 5.
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Figure 12. Snapshots of the east compo-
nent seismic velocity at Earth’s surface 
generated by 2.5 dimensional synthetics. 
Upper left shows A–B depth section; red 
triangles are seismic stations. Seismic 
structure is prescribed by model 2 (see 
Fig. 8) in the gray region, with adjacent 
regions to the west and east assigned 
as, respectively, model 1 structure with 
original Moho depth of 40 km and model 
1 structure with modifi ed Moho depth of 
34 km. Both observed and synthetic seis-
mograms have been low-pass fi ltered at 
a corner period of 3 s.
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Figure 13. Snapshots of the east-compo-
nent seismic velocity generated by 2.5 
dimensional synthetics along the depth 
section A-B (shown in the upper left of 
Fig. 12). Thin black line in each snap-
shot indicates the Moho discontinuity. 
Triangles are the projection of the 2011 
hypocenter along the profi le.
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Figure 14 (Continued on facing page). 
Red lines show three-component seis-
mograms at selected stations (locations 
shown in Fig. 12). Black lines show 
2.5D synthetics. Epicentral distance and 
azimuth to each station are indicated.
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Figure 14 (Continued). 
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northward rupture propagation based on waveform modeling, 
consistent with the observed asymmetry. A possible additional 
factor is anisotropic wave propagation arising from the regional 
northeast-trending tectonic fabric (Hough, 2012).

CONCLUSIONS

Seismic waves traversing the eastern United States follow-
ing the M5.8 2011 Mineral, Virginia, earthquake were shaped by 
path effects through a laterally variable crustal structure. The path 
effects primarily depend on whether the propagation path passes 
through the Valley and Ridge and Appalachian Plateau provinces 

or is restricted to the Piedmont, Blue Ridge, and Coastal Plain 
provinces. The exceptionally thick sequences of metasedimen-
tary rocks in the Valley and Ridge and the Appalachian Plateau 
affect the Rayleigh waves by profoundly increasing their disper-
sion, resulting in a lengthening of the arriving surface wavetrains.

Regional body-wave propagation is dominated by direct P 
and S, which are confi ned to a lower crustal waveguide and are 
consistent with a reference eastern U.S. structure that has con-
stant crustal thickness of 40 km. Systematic differences exist in 
the sharpness of the direct P arrival with distance, with observed 
direct P amplitudes in the −90° ≤ ϕ < 30° source-receiver azi-
muth range being larger than those observed at other azimuths. 

88°W 86° 84° 82° 80° 78° 76° 74° 72° 70° 

32° 

34° 

36° 

38° 

40° 

42° 

44° 

46° 

. 

BINY

MCWV

CPNY
O56A

ACSO

WCI

SFIN

KMSC

TZTN

PANJ

CNNC

BLA

GOGA

NPNY

WES
WVNY

Figure 15. Summary of paths to selected stations that either exhibit strongly dispersive Rayleigh waves (black minor arcs) 
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This suggests corresponding lateral variations in the continu-
ity of the lower crust (e.g., less scattering at northwest to north 
azimuths) and/or systematic variations in crustal thickness (e.g., 
Braile et al., 1989; Mooney and Kaban, 2010; Abt et al., 2010).

Peak ground velocity is relatively large to northeast azi-
muths from felt intensities at ~1 Hz, as well as northern azimuths 
from broadband recordings at longer period. This pattern is not 
explicable with the source radiation pattern, which predicts maxi-
mum Rayleigh wave amplitudes to the northwest, or 2D lateral 
variation parallel to the Appalachian Mountains. The observa-
tions imply that directivity effects combined with focusing and/
or defocusing effects from regional 3D structure are important 
in determining the peak ground motions. The origins of the 
anomalously high radiated seismic-wave energy are important 
for understanding the variability in ground motions expected for 
an earthquake in the eastern United States (e.g., Somerville et al., 
2001; Hines et al., 2010), and they merit further study.

ACKNOWLEDGMENTS

We are grateful to the Incorporated Research Institutions for 
Seismology (IRIS) for archiving and making available the 
broadband data used in this study. Data were provided by the 
IRIS Data Management Center. We used data from the follow-
ing regional networks: US, LD (Lamont-Doherty Coopera-
tive Seismographic Network), TA (Earthscope Transportable 
Array), PE (Penn State Network), IU (IRIS/USGS Global Seis-
mograph Network), NE (New England Seismic Network), and 
IM (International-Miscellaneous Stations). We acknowledge 
the support of the U.S. Geological Survey National Earthquake 
Hazards Program, and the encouragement of R.A. Williams, T. 
Brocher, W. Leith, and M. Blanpied. Discussions with M. Chap-
man and reviews by Arthur Snoke and an anonymous reviewer 
are gratefully acknowledged.

REFERENCES CITED

Abt, D.L., Fischer, K.M., French, S.W., Ford, H.A., Yuan, H., and Romanowicz, 
B., 2010, North American lithospheric discontinuity structure imaged by 
Ps and Sp receiver functions: Journal of Geophysical Research, v. 115, 
doi:10.1029/2009JB006914.

Aki, K., and Richards, P.G., 1980, Quantitative Seismology, Volume 1: San 
Francisco, W.H. Freeman and Company, 557 p.

Bailey, C.M., and Owens, B.E., 2012, Traversing suspect terranes in the cen-
tral Virginia Piedmont: From Proterozoic anorthosites to modern earth-
quakes, in Eppes, M.C., and Bartholomew, M.J., eds., From the Blue 
Ridge to the Coastal Plain: Field Excursions in the Southeastern United 
States: Geological Society of America Field Guide 29, p. 327–344, 
doi:10.1130/2012.0029(10).

Bouchon, M., 1981, A simple method to calculate Green’s functions for elastic lay-
ered media: Seismological Society of America Bulletin, v. 71, p. 959–971.

Braile, L., Hinze, W., von Frese, R., and Keller, G., 1989, Seismic properties 
of the crust and uppermost mantle of the conterminous United States 
and adjacent Canada, in Pakiser, L., and Mooney, W., eds., Geophysi-
cal Framework of the Continental United States: Geological Society of 
America Memoir 172, p. 655–680, doi:10.1130/MEM172-p655.

Chapman, M.C., 2013, On the rupture process of the 23 August 2011 Virginia 
earthquake: Seismological Society of America Bulletin, v. 103, p. 613–
628, doi:10.1785/0120120229.

Cloetingh, S., Beekman, F., Ziegler, P., van Wees, J., and Sokoutis, D., 2008, 
Post-rift compressional reactivation potential of passive margins and 
extensional basins, in Johnson, H., Doré, T.G., Gatliff, R.W., Holdsworth, 
R.W., Lundin, E., and Ritchie, J.D., eds., Nature and Origin of Compres-
sion in Passive Margins: Geological Society, London, Special Publication 
306, p. 27–70, doi:10.1144/SP306.2.

Coler, D., Wortman, G., Samson, S., Hibbard, J., and Stern, R., 2000, U-Pb 
geochronology, Nd isotopic, and geochemical evidence for the cor-
relation of the Chopawamsic and Milton terranes, Piedmont zone, 
southern Appalachian orogen: Journal of Geology, v. 108, p. 363–380, 
doi:10.1086/314411.

Ellsworth, W.L., Imanishi, K., Luetgert, J.H., Kruger, J., and Hamilton, J., 
2011, The Mw 5.8 Virginia earthquake of August 23, 2011 and its after-
shocks: A shallow high stress drop event: American Geophysical Union, 
Fall Meeting 2011, abs. S14B-05.

Farrar, S., and Owens, B., 2001, A north-south transect of the Goochland ter-
rane and associated A-type granites Virginia and North Carolina, in Hoff-
man, C.W., ed., Field Trip Guidebook: 50th Annual Meeting of the South-
eastern Section, Geological Society of America, Raleigh, North Carolina, 
p. 75–92.

Farrar, S.S., 1984, The Goochland granulite terrane; remobilized Grenville 
basement in the eastern Virginia Piedmont, in Bartholomew, M.J., ed., 
The Grenville Event in the Appalachians and Related Topics: Geologi-
cal Society of America Special Paper 194, p. 215–227, doi:10.1130/
SPE194-p215. 

Frezon, S.I., Finn, T.M., and Lister, J.H., 1983, Total thickness of sedimentary 
rocks in the conterminous United States: U.S. Geological Survey Open-
File Report 83-920, 1 map, 63 × 98 cm, scale ~1:5,000,000.

Friederich, W., and Dalkolmo, J., 1995, Complete synthetic seismograms for a 
spherically symmetric Earth by a numerical computation of the Green’s 
function in the frequency domain: Geophysical Journal International, 
v. 122, p. 537–550, doi:10.1111/j.1365-246X.1995.tb07012.x.

Glover, L.I., Mose, D., Costain, J., Poland, F., and Reilly, J., 1982, Grenville 
basement in the eastern Piedmont of Virginia; a progress report: Geologi-
cal Society of America Abstracts with Programs, v. 14, no. 1–2, p. 20.

Hines, E.M., Baise, L.G., and Swift, S.S., 2010, Ground-motion suite selec-
tion for eastern North America: Journal of Structural Engineering, v. 137, 
p. 358–366, doi:10.1061/(ASCE)ST.1943-541X.0000258.

Hough, S.E., 2012, Initial assessment of the intensity distribution of the 2011 
Mw 5.8 Mineral, Virginia earthquake: Seismological Research Letters, 
v. 83, p. 649–657, doi:10.1785/0220110140.

Kawase, H., and Aki, K., 1989, A study on the response of a soft basin for 
incident S, P, and Rayleigh waves with special reference to the long dura-
tion observed in Mexico City: Seismological Society of America Bulletin, 
v. 79, p. 1361–1382.

Komatitsch, D., and Tromp, J., 1999, Introduction to the spectral element method 
for three-dimensional seismic wave propagation: Geophysical Journal 
International, v. 139, p. 806–822, doi:10.1046/j.1365-246x.1999.00967.x.

Komatitsch, D., and Tromp, J., 2002, Spectral element simulations of global 
seismic wave propagation—I: Validation: Geophysical Journal Interna-
tional, v. 149, p. 390–412, doi:10.1046/j.1365-246X.2002.01653.x.

Komatitsch, D., and Vilotte, J., 1998, The spectral-element method: An effi cient 
tool to simulate the seismic response of 2D and 3D geological structures: 
Seismological Society of America Bulletin, v. 88, p. 368–392.

Kuhn, M.J., 1985, A numerical study of Lamb’s Problem: Geophysical Pros-
pecting, v. 33, p. 1103–1137, doi:10.1111/j.1365-2478.1985.tb01355.x.

Li, A., Forsyth, D.W., and Fischer, K.M., 2003, Shear velocity structure 
and azimuthal anisotropy beneath eastern North America from Ray-
leigh wave inversion: Journal of Geophysical Research, v. 108, 2362, 
doi:10.1029/2002JB002259.

Liang, C., and Langston, C.A., 2009, Three-dimensional crustal structure of 
eastern North America extracted from ambient noise: Journal of Geophys-
ical Research, v. 114, doi:10.1029/2008JB005919.

Mooney, W.D., and Kaban, M.K., 2010, The North American upper mantle: 
Density, composition, and evolution: Journal of Geophysical Research, 
v. 115, B12424, doi:10.1029/2010JB000866.

Muehlberger, W.R., Denison, R.E., and Lidiak, E.G., 1967, Basement rocks in 
continental interior of United States: American Association of Petroleum 
Geologists Bulletin, v. 51, p. 2351–2380.

Neuschel, S., 1970, Correlation of aeromagnetics and aeroradioactiv-
ity with lithology in the Spotsylvania area, Virginia: Geological

 



116  Pollitz and Mooney

 Society of America Bulletin, v. 81, p. 3575–3589, doi:10.1130/0016
-7606(1970)81[3575:COAAAW]2.0.CO;2.

Nissen-Meyer, T., Fournier, A., and Dahlen, F.A., 2007, A two-dimensional 
spectral-element method for computing spherical-earth seismograms—
I. Moment-tensor source: Journal of Geophysical Research, v. 168, 
p. 1067–1092, doi:10.1111/j.1365-246X.2006.03121.x.

Pavlides, L., 1981, The central Virginia volcanic-plutonic belt; an island arc 
of Cambrian(?) age: U.S. Geological Survey Professional Paper 1231-
A, 34 p.

Rodgers, J., 1970, The Tectonics of the Appalachians: New York, Wiley- 
Interscience, 271 p.

Sinclair, C., Greenhalgh, S., and Zhou, B., 2007, 2.5D modeling of elastic 
waves in transversely isotropic media using the spectral element method: 
Exploration Geophysics, v. 38, p. 225–234, doi:10.1071/EG07025.

Somerville, P., Collins, N., Abrahamson, N., Graves, R., and Saikia, C., 2001, 
Ground motion attenuation relations for the central and eastern United 

States: Final Report, June 30, 2001: U.S. Geological Survey contract 
99HQGR0098, 38 p.

Taylor, S., 1989, Geophysical framework of the Appalachians and adjacent 
Grenville province, in Pakiser, L.C., and Mooney, W.D., eds., Geophysi-
cal Framework of the Continental United States: Geological Society of 
America Memoir 172, p. 317–348, doi:10.1130/MEM172-p317.

Viegas, G.M., Baise, L.G., and Abercrombie, R.E., 2010, Regional wave propa-
gation in New England and New York: Seismological Society of America 
Bulletin, v. 100, p. 2196, doi:10.1785/0120090223.

Zhu, L., and Rivera, L.A., 2002, A note on the dynamic and static displacements 
from a point source in multilayered media: Geophysical Journal Interna-
tional, v. 148, p. 619–627, doi:10.1046/j.1365-246X.2002.01610.x.

MANUSCRIPT ACCEPTED BY THE SOCIETY 6 JUNE 2014
MANUSCRIPT PUBLISHED ONLINE XX MONTH 2014

Printed in the USA



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


